Executive Summary
Infrastructure development analysis plays a critical role in understanding the best methods and techniques to use in the nascent hydrogen economy to foster hydrogen use in transportation. Most alternative fuel experts agree that infrastructure issues have been among the top barriers to transitioning to alternative transportation fuels. Matching emerging hydrogen vehicle demand with emerging infrastructure is critical to a successful transition. Because demand varies spatially, using a geographic information system (GIS) method to differentiate demand across the country is advantageous in assisting hydrogen stakeholders in targeting key markets.
Using literature relating to alternative fuel deployment, along with the transportation sector's experience and expertise in this area, key attributes of consumers and policies were identified as critical for market acceptance of hydrogen vehicles. Consumer attributes are those that describe the consumer themselves, such as income, education level, and the number of vehicles they own. Policy attributes are those that are the result of external factors that influence the market for hydrogen vehicles, such as government incentives and local air quality. These attributes lay the foundation for a national look at how these efforts combine, resulting in the most preferred or likely locations for hydrogen demand to grow.
The attributes were spatially quantified using GIS. Each attribute was quantified and combined with other attributes to achieve a relative demand for hydrogen in areas measuring 20 miles by 20 miles covering the entire United States. The analytical results indicate that the most suitable areas for early hydrogen market acceptance are in metropolitan areas, with rural areas being least desirable for initial deployment of hydrogen vehicles. The results of this national-level analysis led to an initial analysis of some of these metropolitan areas to identify infrastructure that is most suitable within the metropolitan area. Similar methods were used to the national analysis. However, in metropolitan areas the attributes were examined on a census tract basis. These results demonstrate how demand varies within a given metropolitan area. The shape or breakdown of metro area demand varies widely from one city to another. Future work will examine emerging demand by region, including the incorporation of additional attributes such as traffic and existing infrastructure.
Background
Infrastructure development analysis explores the benefits and drawbacks of various options for installing hardware to serve a developing hydrogen demand. Most alternative fuel experts agree that infrastructure issues have been among the top barriers to transitioning to alternative transportation fuels. Therefore, infrastructure analysis is a key component in the development of a hydrogen transportation system. Understanding consumer demand on a geographic basis is an important part of this analysis. Matching emerging hydrogen demand with emerging infrastructure is critical to a successful transition.
In fiscal years (FY) 2004 and 2005 , the National Renewable Energy Laboratory (NREL) developed a proposed minimal infrastructure to support nationwide deployment of hydrogen vehicles by offering infrastructure scenarios that facilitated interstate travel. The current (FY 2006) project aims to identify key metropolitan areas and regions on which to focus infrastructure efforts during the early hydrogen transition.
The objectives of this analysis are the following:
1. Quantify projected hydrogen vehicle demand across the country and in targeted metropolitan areas. 2. Quantify the projected hydrogen fuel demands corresponding with different levels of hydrogen vehicle demand to inform infrastructure analyses such as citing hydrogen fueling stations and selecting between centralized and distributed hydrogen production.
Research Methodology
There are two general types of vehicle purchasers: consumers and fleets. Both groups have unique characteristics that affect how they choose vehicles to purchase and drive. This study examines how hydrogen vehicles could be deployed nationwide based on the consumer market.
Various factors influence a consumer's vehicle purchase decision, including purchaser characteristics (e.g., income and age) and external factors (e.g., vehicle rebates, interest rates, and tax incentives). To match emerging consumer demand for hydrogen vehicles with transitional hydrogen infrastructure, the spatial/geographic component of consumer demand must be understood. This analysis projects consumer demand for hydrogen vehicles based on geographic distribution and suggests how this demand would affect infrastructure requirements.
The analysis consists of the following steps:
• Define Demographics: Key attributes affecting consumer acceptance of hydrogen vehicles are identified and spatially analyzed using geographic information systems (GIS).
• Score and Weight Each Attribute: Values are assigned to each attribute, and a total "score" is identified representing the likelihood of a consumer purchasing/operating a hydrogen vehicle.
• Conduct Stakeholder Review and Sensitivity Analyses: Stakeholder review and sensitivity analyses ensure that scores assigned for each demographic/characteristic are acceptable.
• Suggest Vehicle and Fuel Demand Scenarios at Various Penetration Rates: Hydrogen vehicle and fuel demands are evaluated for various rates of hydrogen vehicle penetration (e.g., 1%, 5%, and 10%).
Demographics
Key attributes affecting hydrogen vehicle penetration into the consumer market were identified through a literature search (from FY 2004 and 2005 work) and interviews with vehicle technology transition experts, then reviewed and ranked by a focus group consisting of NREL personnel with expertise in advanced technology vehicle deployment (Table 1) . These assumptions were also confirmed by various market studies and analyses related to hybrid and hydrogen vehicles conducted by researchers at UC Davis and Synovate. These attributes apply to a strategy in which the general public consumer is the primary focus of early hydrogen vehicle deployment, and they apply to the contiguous United States. Alternative or additional attributes might be considered for a strategy focusing on an early transition to fleets or for a targeted metropolitan area analysis for which more detailed data can be considered. Hydrogen vehicle demand can be described as a function of these attributes:
Consumer hydrogen vehicle demand = F (attributes)
The data to support analysis of these attributes were collected from various sources, including the U.S. Census Bureau, the U.S. Department of Energy's (DOE) Clean Cities Alternative Fuels Data Center (AFDC), and the Environmental Protection Agency.
Attribute Scores and Weights
The original datasets of each attribute have varying spatial presentations-some are at census tract level, whereas others are at county or state levels or actual locations. All these datasets were aggregated to a nationwide grid with cell size 20 miles by 20 miles using two standard GIS techniques: area-weighting and dominant component. Area-weighting is a common form of quantitative aggregation. Data values are multiplied by the percentage of the area a component covers and then divided by the total of the area percentages. Dominant component is applied to qualitative datasets such as air quality and state incentives. It takes the data value for the component covering the largest area of the cell and assigns that value to the entire cell. Appendix A shows the attributes in the U.S. 20-mile × 20-mile grid.
As outlined in Table 1 , not all the attributes have an equal impact on hydrogen vehicle demand. To incorporate these inequalities into the analysis, preferences were incorporated into the corresponding model developed in ArcGIS 9.1 Model Builder. The Model Builder Spatial Analyst extension evaluates multiple attributes through classification, ranking, and weighted-overlay techniques to produce the results for each demand scenario. The Model Builder is very flexible. Models can be saved and rerun with different parameters. In addition, data can be added or replaced, and other modules can be attached.
To perform the analysis effectively, attribute datasets were first ranked internally to value the data within the dataset. The attributes were then weighted in relation to other attributes.
Internal Dataset Ranking-There is no single best data classification method; each has advantages and disadvantages depending on the nature of the data and the type of information and analysis desired. In general, a classification method should maximize the between-class differences and minimize the withinclass differences.
The natural breaks classification was chosen for this study. This method identifies break points by looking for groupings and patterns inherent in the data. ArcGIS uses a complex statistical formula (Jenk's Optimization) to identify break points by choosing the class breaks that best group similar value and maximize the differences between classes. The features are divided into classes with boundaries set where there are relatively big jumps in the data values. The major disadvantage is that the concept behind the classification may not be easily understood by all map users, and the legend values for the class breaks may not be intuitive. The advantage, however, is that it is one of the best ways to classify data that model natural human behaviors and patterns. The natural break method best applies to hydrogen vehicle demand because hydrogen vehicle demand patterns are not uniform by nature.
Using the natural break classification method, we created seven classes within each data layer. The selection of seven groups was chosen because of the depth of analysis and the refinement of results it would provide. Then, we employed a ranking system of 1 to 7 to rate the values within each class used in the hydrogen demand model. A class was ranked 1 if its values had a "very low" influence on the chosen strategy (e.g., people with the lowest income would generate the lowest hydrogen vehicle demand). A class was ranked 7 if its values had a "very high" influence (e.g., people with the highest income would generate the highest hydrogen vehicle demand).
Attribute Descriptions, Rankings, and Weightings-Based on the transportation experts' valuing of the attributes (Table 1) , attributes were weighted in relation to each other in ArcGIS in terms of low, medium, or high impact on hydrogen vehicle adoption. These are normalized so the weightings of all the attributes are equal to 100%. The following section describes each attribute as well as the attribute classification, ranking, and weighting for the consumer strategy baseline scenario. The results of this scenario are described below.
• Households with Two or More Vehicles o Data origin: 2000 U.S. Census o Data representation: number of households that have two or more vehicles o Rationale: Initial customers for hydrogen vehicles will be those in households that have at least two vehicles because of limited hydrogen range and refueling opportunities. The NREL focus group considered this to be the most important factor in predicting hydrogen vehicle demand 
Hydrogen Vehicle Demand-Consumer Baseline Strategy
The consumer vehicle demand results are determined using the weighted overlay technique in ArcGIS Model Builder. It integrates all attributes mentioned above, their classification's ranking, and weights them in relation to each other. These results are illustrated in Figure 1 , and indicate that urban areas are the primary hydrogen demand centers. They were translated into demands from "low" to "very high" with no "very low" demand areas determined for the contiguous United States. The method for quantifying hydrogen vehicle and fuel demand is discussed in subsequent sections of this report.
Figure 1. Hydrogen Vehicle Demand-Consumer Strategy Baseline Scenario
How demand grows from an urban center varies. For example, in Denver the growth shows a more northsouth spread. In Atlanta and Dallas growth radiates in a roughly uniform pattern outward from the urban center. These are important distinctions when identifying geographic citing of infrastructure to meet the needs in these areas. Table 11 shows the breakdown of area and population encompassed by each demand category. In the baseline scenario, 10% of U.S. land area and 64% of the targeted population are in areas with a good to very high likelihood of hydrogen vehicle demand. This analysis represents only the age groups most likely to be hydrogen vehicle drivers (ages 30-64); future analyses will examine the overall population.
Monte Carlo Analysis and Baseline Case Adjustment-Monte
Carlo analysis was performed on the baseline attributes to determine the likely weightings of attributes based on the probabilities of each attribute having a low, medium, or high influence on a consumer to purchase a hydrogen vehicle. Using Crystal Ball as a tool for Monte Carlo simulation, triangular distributions were created that varied from 1 (low) to 3 (high) with the most likely point matching with the baseline scenario weighting assumption. The probability distributions used for the Monte Carlo simulation are shown in Appendix B.
Monte Carlo simulation works by generating random numbers that fit within the probability distributions for each assumption. These random values generate results that show how each assumption changes, relative to each other, for a large sampling of random numbers. Running 10,000 iterations, the simulation generated slight modifications to the weighting percentages from the baseline scenario, as shown in Table  12 . The adjusted results are shown in Figure 2 . 
Stakeholder Review and Sensitivity Analyses
Stakeholder review was performed to validate attributes and their characteristics. Review meetings with hydrogen stakeholders-including representatives from automotive original equipment manufacturers and fuel companies-have resulted in attribute refinements. For example, the representation of the attribute households with two or more vehicles was changed from a percentage of households with two or more vehicles to an absolute number of households with two or more vehicles; this change shifts predicted demand more toward urban areas. Also, the attribute ZEV sales mandate was created by breaking it out of the state incentives attribute; stakeholder feedback indicated that ZEV mandates have a particularly strong effect on vehicle manufacturers' ZEV compliance and sales plans. These and other stakeholder suggestions are incorporated into the attribute descriptions above.
Sensitivity analyses were conducted to explore the sensitivity of hydrogen vehicle demand projections to changes in attribute weighting scores. Two scenarios-the demographic emphasis scenario and the policy emphasis scenario-were created and are described below.
Demographic Emphasis Scenario-Under this scenario, attributes related to the consumers themselves were given the highest weighting. In this case, "who the consumer is" was very important, whereas their environment (e.g., air quality or government policies) was assigned less importance. The weightings are shown in Table 13 , and the resulting demand is shown in Figure 3 . Under this scenario, demand is more concentrated in areas with high population, i.e., in urban centers. The spread of demand from these urban centers is less than it is when policies and other external factors (air quality and Clean Cities Coalitions) have a higher influence on consumer hydrogen vehicle demand Table 14 shows the breakdown of area and population encompassed by each demand category. In the demographic emphasis scenario, 5% of U.S. land area and 58% of the targeted population are covered in areas with a good to very high likelihood of hydrogen vehicle demand.
Policy Emphasis Scenario-Under this scenario, attributes related to or leading to government policy were considered most important, whereas the importance of consumer demographic information was minimized. The exception was households with two or more vehicles, which was considered to be the most important attribute in all scenarios and a virtual prerequisite for consumer hydrogen vehicle demand. Attribute weightings are shown in Table 15 , and the resulting demand is shown in Figure 4 . The results show the effect that government policies and incentives, if effective in influencing consumers, can have on hydrogen vehicle demand. Table 16 shows the breakdown of area and population encompassed by each demand category. In the policy emphasis scenario, 15% of U.S. land area and 64% of the targeted population is covered in areas with a good to very high likelihood of hydrogen vehicle demand.
Hydrogen Vehicle and Fuel Demand at Various Penetration Rates
This analysis identifies the top 20 urban areas for likely penetration of hydrogen vehicles in the near-term, i.e., the urban areas most likely to have high numbers of early technology adopters for hydrogen vehicles. To translate the relative demand weightings into actual quantities of hydrogen fuel demand in kilograms, the calculated values (very high, high, very good, good, fair, and low) were applied to the penetration of vehicles across the country. Using the U.S. Energy Information Administration estimate for passenger vehicles in the United States in 2030-281 million vehicles-hydrogen vehicles were distributed nationwide based on the relative demand weightings in each area of the country and penetration rates of 1%, 5%, and 10% using the following methodology. This resulted in the total number of vehicles in a cell categorized as "low". To get the values for the number of vehicles per cell for cells categorized as "fair" through "very high", the low values were multiplied by 2 through 7 respectively.
An annual consumption of 250 kg per vehicle was used to calculate the annual demand for hydrogen. The hydrogen fuel demand for each 20-mile × 20-mile cell was calculated using the above equations and is shown in Table 17 . These values represent the maximum likely hydrogen fuel demand in each cell based on the relative demand from cell to cell. At a 1% penetration, the demand for a cell with a "low" likelihood of hydrogen vehicle demand would range from 0 to 135 kg/day. At the same vehicle penetration rate, an area of "very high" demand would be up to 827 kg/day. Using these assumptions, all areas, even with high demand, could be served by small, forecourt stations in the early transition, where there is only a 1% penetration into the US fleet.
At a 5% penetration, "very high" areas would require up to 4,130 kg/day. At this level, it may still be feasible to meet demand with forecourt stations. However, by the time penetration is 10% of the US fleet, "very high" demand areas would require over 8250 kg/day. This may best be served through the use of central production. To fully understand the tradeoffs between centralized and distributed hydrogen production, analysis on a regional or local level would be necessary to select systems that meet the specific demand patterns of a state or metropolitan area. This regional approach is discussed in the following section.
Regional Analysis
The national analysis presents a broad look at the United States, suggesting where hydrogen vehicles will first be accepted by consumers and where policies and initiatives may make the most difference in the early transition. By identifying these primary areas, transitional hydrogen demand can be examined more closely in the most promising regions.
The national results indicate areas that should be considered primary targets for hydrogen vehicle introduction because the attributes of these areas show a high likelihood of hydrogen demand. These areas include the following (in rank order): To better understand the market for hydrogen in these urban areas, the demand attributes can be examined in more detail. The national analysis was performed using a 20-mile × 20-mile grid across the lower 48 states. More detailed urban analysis can be performed at the U.S. Census Bureau tract level for key regions.
Internal dataset rankings were assigned using natural breaks into five categories. Attributes were weighted against each other using the baseline scenario. The results for the Los Angeles Basin Urbanized Area are shown in Figure 5 . Results from several other areas are shown in Appendix C. The Los Angeles Basin results indicate the majority of hydrogen vehicle demand will surround the heart of the city; thus that is where infrastructure development efforts should be concentrated during the transition. This detailed urban area analysis is also beneficial because additional attributes for which datasets are difficult to obtain on a national basis can be incorporated and used specifically to site hydrogen infrastructure. Examples of additional attributes include traffic volumes, retail centers, and existing conventional refueling stations. These attributes have been considered and infrastructure proposed in a related NREL project. The details of that project are being documented and published in parallel with this project.
Conclusion
This analysis shows that projected consumer demand for hydrogen vehicles and fuel is not uniform. It also shows how projected demand can be affected geographically by various demographic and policyrelated attributes. The resulting spatial demand calculations are an asset to other models and analyses that depend on demand to evaluate feasibility and costs. Using these analyses, specific infrastructure can be proposed and evaluated based on expected demand on a regional or local basis.
Future Work
Further development of the regional approach to infrastructure selection to meet consumer demand will be conducted in FY 2007. This work will examine key metropolitan statistical areas and the regions surrounding and connecting them to determine the best placement of infrastructure to meet consumer needs. Pending FY 2007 funding, consumer refueling habits and market research regarding consumer refueling also will be considered and incorporated into this analysis.
This project addresses emerging near-term hydrogen demand for the general public consumer. However, another key strategy in the near-term is the use of fleets as a seed for further hydrogen market development. For an infrastructure to serve fleet customers and public consumers, it is important to understand where hydrogen demand will develop and where the needs of consumers and fleets overlap. Additional funding will be required in FY 2007 for collection of fleet data and analysis of fleet demand using the methods described in this FY 2006 analysis.
